Green-to-blue photon upconversion bears great potential in photocatalytic applications. However, current hybrid inorganic-organic upconversion schemes utilizing spherical CdSe nanocrystals are limited by the additional tunneling barrier resulting from the necessity of surface-passivating shells. In this contribution, we introduce anisotropic CdSe nanoplatelets as triplet sensitizers. Here, quantum confinement occurs in only one direction, erasing effects stemming from energetic polydispersity. We investigate the triplet energy transfer from the CdSe nanoplatelets to the surface-bound triplet acceptor 9-anthracene carboxylic acid in both solution and in solid-state upconversion devices fabricated by solution-casting. In solution, we obtain an upconversion quantum yield of (6±1)% at a power density of 11 W/cm 2 using the annihilator 9,10diphenylanthracene, and a low efficiency threshold Ith of 200 mW/cm 2 . Bilayer solid-state devices show low efficiency thresholds of 124 mW/cm 2 , however, suffer detrimental effects from parasitic low-energy excimer formation. This indicates that the overall brightness of the UC device and the Ith do not necessarily correlate. This system provides a new avenue towards investigating the role of exciton transport on the upconversion mechanism.
Photon upconversion (UC) describes the process of effectively shortening the wavelength of emission upon optical irradiation. In order to adhere to energy conservation laws, this process involves the combination of a minimum of two low-energy photons to create one high-energy photon in the annihilator molecule. In particular, in the triplet fusion (TF) process investigated here, this 'anti-Stokes'-type emission is the result of a spin-allowed triplet-triplet annihilation (TTA) process: Two low energy spin-triplet states are combined in a spin-allowed process to form a higher lying singlet state, as well as a ground state singlet.
As this process relies on spin-triplet states, which are deemed as "spin-forbidden" due to spin selection rules and hence, cannot be efficiently populated by direct optical excitation, we rely on triplet sensitizers for the creation of triplet states by an energy transfer process following either the Marcus 1 or Dexter 2 theory. Reports by Castellano and others indicated that metal-organic complexes with strong spin-orbit coupling resulting from inclusion of heavy metal atoms can act as efficient triplet sensitizers for TTA-UC. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] While high UC efficiencies exceeding 20% have been reported in such systems, 13, 14 one of the main limitations of this sensitization pathway is the large energy gap between the singlet and the triplet state in these metal-organic molecules. As a result, over 300 meV energy losses occur during the intersystem crossing (ISC) process required to create the triplet state. 5, 9 This large energy loss effectively limits the energy gain possible during the UC process and therefore, other materials have been investigated as triplet sensitizers. In particular, inorganic nanocrystals (NCs) have shown great promise due to strong spin-orbit coupling resulting from the abundance of heavy metals in these particles. 15 In addition, due to low exchange energies between the singlet and triplet excited state, NCs can act as efficient triplet sensitizers with minimal energy losses. [16] [17] [18] Depending on the wavelength created by the UC process, there are several different applications:
(i) near-infrared (NIR)-to-visible UC bears promise in biomedical applications, 19, 20 biological imaging, 21 and infrared sensitization of silicon for enhancement of photovoltaics (PVs) surpassing the Shockley-Queisser limit 22, 23 thus, also enabling the fabrication of low-cost infrared sensing cameras. 24 (ii) Green-to-blue or blue-to-ultraviolet (UV) UC on the other hand, bears promise in photochemical applications such as catalysis. 12, [25] [26] [27] [28] While biological and some catalytical applications of UC benefit from being in the solution phase, other applications, e.g. sensing or photoelectrical catalysis demand a solid-state device. However, current solid-state devices suffer from detrimental effects caused by strong electronic interactions in the solid-phase, such as increased singlet fission, 29 excimer formation 30 in the organic annihilator, as well as poor exciton diffusion in the sensitizer. 31 Recent progress has greatly improved the feasibility of organic-inorganic hybrid UC devices for NIR-to-visible UC by employing non-excitonic perovskite sensitizers. 29, [32] [33] [34] [35] However, to date, no inorganic/organic hybrid devices have been reported based on purely inorganic triplet sensitizers for green-to-blue UC. Some of the main hinderances in the advancement of such devices are: (i) Low photoluminescence (PL) quantum yield (QY) of the annihilator molecules in solid-state due to competing relaxation pathways. (ii) The long passivating ligands around the inorganic NCs which reduce electronic coupling between the NC and the organic molecule. 36 (iii) The requirement of fairly thick wide-bandgap inorganic shells to increase the PLQY of commonly employed cadmium selenide (CdSe) NCs. 37, 38 These shells provide an additional tunneling barrier, limiting both exciton transport through a CdSe NC film, as well as efficient triplet exciton transfer (TET) via a Dexter-type energy transfer 2 to the TF material in both solution and solid-state. 38 Tang and coworkers have been able to mitigate the effect of the organic ligand shell by introducing triplet-accepting transmitter ligands which funnel the triplet state from the NC to the outer ligand shell, however, the barrier of the inorganic shell cannot simply be overcome. [39] [40] [41] [42] To circumvent this issue, here, we present a new class of material as triplet sensitizers: twodimensional (2D) inorganic nanoplatelets (NPLs). [43] [44] [45] [46] NPLs have several advantages over spherical zero-dimensional (0D) NCs: (i) high intrinsic PLQYs which circumvent the requirement of a passivating shell, (ii) quantum-confinement in only one direction: the lateral dimensions do not affect the energetics of the NPL, and only the thickness of the platelets is important. Hence, only homogeneous broadening of the emission is observed, and no inhomogeneous broadening resulting from size polydispersity. (iii) Strong overlap of the electronic wavefunction in extended stacks of NPLs allowing for long-range exciton diffusion. 46 Here, we take advantage of the unidirectional properties of transmitter ligands to enhance the probability of TET. We combine such a transmitter ligand, 9-anthracene-carboxlyic acid (9-ACA) with the anisotropic 2D CdSe NPLs and demonstrate green-to-blue UC in solution, as well as in solid-state, compare Figure 1a for the UC schematic. Briefly, the CdSe NPLs (5.5 monolayer thickness, excitonic feature at 545 nm) 47, 48 act as the triplet sensitizer, 9-ACA is the transmitter ligand, and TTA-UC occurs in the established annihilator 9,10-diphenylanthracene (DPA). Figure   1b shows a schematic of the relative energies of the NPL exciton, the triplet excited state of 9-ACA and DPA, as well as the singlet energy of DPA resulting in an overall energy gain of ~0.6 eV during the UC process. Representative absorption (solid lines) and normalized PL spectra (405 nm excitation, dashed line) of the CdSe NPLs (green), ligand-exchanged NPLs with 9-ACA (NPL/ACA, purple), as well as the UC solution composed of NPL/ACA and DPA (blue) are shown in Figure 1c . A photograph of the 'anti-Stokes' emission obtained by the UC process is shown in Figure 1d : under 532 nm excitation, we obtain ~430 nm emission. To fully characterize the synthesized CdSe NPLs and the modification of the NPLs with ACA, we use scanning transmission electron microscopy (STEM) to investigate the distribution, thickness and stacking behavior ( Figure 1e -h) of the NPLs (see also Supporting Information Figure S1 ). Clearly visible is a change in the stacking behavior of the NPLs with and without 9-ACA. To investigate the TET process from CdSe NPLs to the 9-ACA transmitter ligand in more detail, we first investigate the relative CdSe NPL quenching behavior as a function of the transmitter ligand concentration by exploring three different ratios of CdSe NPL/9-ACA: 2:1, 1:1, and 1:2. Figure 2a shows the steady-state quenching of the NPL solution with an increasing ratio of 9-ACA.
As expected, with increasing amounts of 9-ACA, the NPL PL at 546 nm is quenched. To further investigate the dynamics of the TET process, we turn to time-resolved PL spectroscopy. Figure 2b shows the PL decay dynamics of the CdSe NPLs in solution with varying NPL/9-ACA ratios. The obtained lifetimes agree with the steady-state result, indicating a higher amount of quenching with an increasing ratio of the transmitter ligand. To investigate the amount of quenching, we calculate the difference in lifetime (time determined at 1/e due to the multiexponential nature of the decay) yielding a relative quenching percentage of 25.6, 37.2, and 90.7 for the 2:1, 1:1, and 1:2 ratios, respectively (compare Figure 2c Since the triplet extraction occurs through the transmitter ligand, no additional quenching is expected by the addition of DPA, as seen in Figure 3a , which highlights the PL dynamics of the NPL/ACA and NPL/ACA/DPA systems. This observation is further confirmed by a control experiment, in which the NPLs are simply mixed with DPA (Supporting Information Figure S3 ).
Neither quenching of the PL lifetime, nor visible blue emission caused by UC can be observed,
indicating that the transmitter ligands are indeed required to efficiently extract the exciton from the NPLs. In Figure 3b , we show the spectrally resolved emission of our UC system under 532 nm excitation. A 532 nm notch filter is used to selectively remove the laser excitation. The PL spectrum obtained when directly exciting both DPA and the NPLs at 405 nm is highlighted as dashed lines for comparison. Clearly visible in the spectral region from 400-500 nm is the blue emission stemming from the UC process. We calculate a relative UC efficiency of (6±1)% at a power density of 11 W/cm 2 , which is comparable with values reported for spherical CdSe by Tang and co-workers. 38, 49 For the efficiency calculations we refer to the Supporting Information, Table   S1 and Figure S4 for more details.
In general, UC occurring through the TTA process follows a unique power dependency. 3, 7, 8 At low excitation powers below the intensity threshold Ith, a slope of α = 2 can be observed, indicative of a bimolecular process. In this regime, TTA is inefficient and quasi-first order triplet recombination pathways can be observed. This is a result of pathways including phosphorescence, non-radiative relaxation and other quenching processes to the ground state. Above the Ith, TTA becomes efficient and is the predominate relaxation pathway, resulting in the creation of high-energy singlets. As a result, the Ith yields insight on how efficient the UC process is at a given incident power. However, care must be taken not to confuse the Ith with the overall brightness of the UC process, as these may not correlate. As shown in Figure 3c , we obtain a slope change from α = 2.4 to α = 1.2 at the intensity threshold Ith = 200 mW/cm 2 (compare SI Figure S5 for the power dependency of the NPL emission). The slightly higher slope than the expected α = 2 can likely be attributed to the observed photobrightening of the UC PL observed in the system presented here. This may be a result of a simple increase in the triplet population over time, or have a deeper physical meaning and will be of interest for future studies. In Figure 3d the linear increase in the UC PL intensity as a function of the incident power density above the Ith is additionally highlighted in spectrally-resolved form. Finally, we investigate the properties of our UC system in the solid-state, to infer the change in the optoelectronic properties upon solidifying. For many UC applications, including sensing, the UC process must be efficient in the solid-state. However, as mentioned previously, strong coupling between molecules upon crystallization into the solid-state has shown to increase rates of singlet fission in annihilator molecules such as rubrene, 29, 34 while others, such as the blue emitter DPA investigated here, exhibit strong red-shifted excimer emission. 30 Such competing quenching pathways to the desired singlet emission result in diminished UC PL emission from the UC device, reducing the efficacy of the device when investigating the 'anti-Stokes' emission properties.
For solid-state comparison, we fabricate the UC devices under two solution-processable conditions: (i) NPL, 9-ACA and DPA co-dispersed and (ii) layer-by-layer (compare also Figure   S6 for absorbance spectra). Figure 4a shows the steady-state device PL under 532 nm excitation. In contrast to the efficient solution-based UC PL shown previously, the UC PL observed here is weaker (left inset in Figure   4a ) and the spectrum is dominated by the NPL emission, indicating a lower efficiency of the UC process. This is likely the result of parasitic reabsorption of the UC PL as observed in previous solid-state UC devices. 31, 32, 34 Interestingly, additional red-shifted PL features which are not present in solution can also be observed, which are attributed to known excimer formation in the DPA (right inset). 30 To investigate the UC behavior, we measure the UC PL under 532 nm excitation for both the co-deposited (light blue) and bilayer (navy blue) device as shown in Figure 4b . As discussed previously, the UC PL power dependence shows a distinct slope change from α = 2 to α = 1 at the intensity threshold Ith for efficient UC. We extract an Ith of 3.2 W/cm 2 for the bright codeposited film, and a comparatively low Ith of 124 mW/cm 2 for the overall dimmer bilayer device.
This indicates that the UC process can indeed become efficient at low powers in bilayer solid-state devices. However, the yield of the desired blue photons is strongly limited by: (i) reabsorption of CdSe NPLs in the local environment, and (ii) detrimental low-energy excimer formation, highlighting that the Ith value and the overall brightness of the device are not inevitably linked.
To elucidate the energy transfer dynamics in these solid-state devices, we further compare the PL decay dynamics of the NPL (green) and the NPL/ACA (purple) systems under 532 nm excitation ( Figure 4c ), as well as the full devices created by co-deposition and layer-by-layer deposition.
Counterintuitively, we observe that the PL decay is slower in the NPL/ACA film (purple) than in the NPL only film (green), despite quenching observed by 9-ACA in solution. Here, we refer to For completion, the DPA emission properties are investigated by both steady-state ( Figure S7 ) and time-resolved PL spectroscopy (Figure 4d ). We investigate three spectral regions under 405 nm excitation: (i) the spectrally integrated PL (gray) including both singlet and excimer emission, (ii) the high-energy fast-decaying singlet PL (light gray), and (iii) the low-energy PL, dominated by slow excimer emission (black). The inset in Figure 4d provides an enlargement of the early-time,
showing the additional time required for excimer formation and the resulting delayed PL.
Hence, in addition to existing non-radiative relaxation pathways, there are now three competing radiative pathways that can occur in the solid-state device upon irradiation at 532 nm, as detailed in the schematic in Figure 4e . 1) Irradiation of the device can result in TET, and emission of the desired UC PL following TTA (i), the UC PL can also be transferred back to the CdSe NPL due to overlap of the DPA emission spectrum and the NPL absorption spectrum (ii).
2) The excimer state can be directly optically excited, and emit red-shifted with respect to the desired singlet emission. 30 3) The UC PL created by TET and TTA can rapidly relax to the excimer state, lowering the QY of the desired UC PL.
To conclude this letter, we have demonstrated the application of two-dimensional CdSe NPLs as triplet sensitizers for hybrid inorganic/organic UC in both solution and solid state. While the UC process is efficient in solution, solid-state devices are strongly limited by singlet reabsorption and excimer formation. Solid-state devices strongly depend on the deposition method used and the films are fairly heterogenous in their UC capabilities. There are 'hot-spots' of UC, which show bright blue UC emission, and areas which show only weak UC. This is likely a result of the packing of the NPLs and the DPA molecules, as a preferential orientation is required for maximum overlap between the surface-bound ACA molecules and the DPA film. However, the anisotropy of the CdSe NPLs promises rich photophysical properties of the system described here. 50 Two transition dipole moments along the long and short side of the NPL indicate the UC properties may be polarization dependent. This provides a new avenue towards investigating the effect of exciton transport, polarization and the sensitizer lifetime on the UC PLQY, which will be of future interest.
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